The evolution of multicellularity is a major transition that is not yet fully 22 understood. Specifically, we do not know if there are any mechanisms by which 23 multicellularity can be maintained without a single cell bottleneck or other relatedness 24 enhancing mechanisms. Under low relatedness, cheaters can evolve that benefit from the 25 altruistic behaviour of others without themselves sacrificing. If these are obligate 26 cheaters, incapable of co-operating, their spread can lead to the demise of 27 multicellularity. One possibility, however, is that co-operators can evolve resistance to 28 cheaters. We tested this idea in a facultatively multicellular social amoeba, Dictyostelium 29 discoideum. This amoeba usually exists as a single cell but, when stressed, thousands of 30 cells aggregate to form a multicellular organism in which some of the cells sacrifice for 31 the good of others. We used lineages that had undergone experimental evolution at very 32 low relatedness, during which time obligate cheaters evolved. Unlike earlier experiments, 33 which found resistance to cheaters that were prevented from evolving, we competed 34 cheaters and non-cheaters that evolved together, and cheaters with their ancestors. We 35 found that non-cheaters can evolve resistance to cheating before cheating sweeps through 36 the population and multicellularity is lost. Our results provide insight into cheater-resister 37 co-evolutionary dynamics, in turn providing experimental evidence for the maintenance 38 of at least a simple form of multicellularity by means other than high relatedness. 39 40 41
large part because of the questions they raise about conflict. In order for a higher level of 51 biological organization to form, conflict must be controlled at lower levels. Consider, for 52 example, the origin of multicellularity, one of the six widely recognized major transitions 53 (Bourke 2011). Multicellularity requires anywhere from a few to many millions of cells 54 to sacrifice for the good of only a minority. Why do the cells in our hands, hearts, and 55 brains sacrifice their own reproduction so that our gametes can be passed on? 56
Inclusive fitness provides one answer (Hamilton 1964a; b) . With each generation 57 the organism passes through a single celled bottleneck (i.e. the zygote), meaning that all 58 of the cells within the organism are clonally related. Their relatedness is one (r = 1), so 59 the genetic basis for conflict is effectively eliminated. In addition, any cheater mutation 60 that gets a cell into the germ-line will be limited to one round of cheating, because in the 61 following generation it will be found in a multicellular organism consisting entirely of its 62 clones (Queller 2000) . Thus, inclusive fitness explains how multicellularity can be 63 evolutionarily stable and may also explain the prevalence of single-cell bottlenecks. 64
However, questions remain. First, there are alternative explanations for the 65 prevalence of single-cell bottlenecks; they might serve to purge deleterious mutations 66 4 (Grosberg and Strathmann 1998) or they might be necessary for complex development 67 (Wolpert and Száthmary 2002) . The existence of single-cell bottlenecks therefore cannot 68 be taken as strong evidence for the importance of conflict reduction. Second Some of these scenarios are implausible under high relatedness (Queller 2000) , though 80 others, such as control of cell division rates, might not be (Michod 1997 Dictyostelium cheaters and non-cheaters, and populations of evolving non-cheaters 145 against non-evolving cheaters, and only found evidence for the evolution of resistance 146 when the cheaters were not allowed to evolve. Therefore, it has yet to be demonstrated 147 that a co-evolutionary response to cheating can evolve before cheating sweeps through 148 population and multicellularity is lost. Ideally we would like to know if resistance 149 evolves in real populations, with the cheaters and non-cheaters co-evolving in real time. 150
Our experiments explore this question. 151
152

Resistance experiment 153
Our experiments test whether D. discoideum can evolve resistance to cheating 154 while cheaters are evolving, before the obligate cheating phenotype sweeps through the 155 population. We used lineages from the Kuzdzal-Fick (2011) experiment, which 156 underwent experimental evolution at low relatedness and evolved cheating. Non-fruiting 157
clones -potential obligate cheaters -increased in the experiment and three of four tested 158 8 against the (fruiting) ancestor were confirmed to be cheaters (Kuzdzal-Fick (2011). We 159 first confirmed that this ability to cheat the ancestor held for much larger numbers of non-160 fruiting clones. Then, to test whether resistance had also evolved, we tested the non-161 fruiters against fruiting clones isolated from their own selection lines. If resistance has 162 not evolved, we would expect to find the same proportion of non-fruiters in the sori of 163 both mixtures (evolved non-fruiters with ancestors and evolved non-fruiters with evolved 164 fruiters). If the evolved fruiters have evolved resistance to cheating we would expect 165 them to be better than the ancestors at keeping the non-fruiter out of the sorus. 166
Our results showed that resistance to cheating did evolve. Because we worked 167 with clones from populations that evolved from a single clone, this means that resistance 168 evolved after the obligate cheaters emerged but before they swept through the population. 169
This has implications for both our understanding of the evolutionary dynamics of 170 cheating and resistance (e.g. co-operators can evolve resistance to cheating in real time), 171 and our understanding of the evolution of multicellularity (e.g. there are mechanisms 172 other than self-limitation that can stabilise simple multicellularity). We then washed the cells three times using HL5 with no antibiotic, so that we 219 could plate them on SM/5 plates with bacteria as a food source without killing the 220 bacteria. We counted the cells, and then plated them with K. pneumoniae in the following 221 ratios: 25% evolved non-fruiters with 75% evolved fruiters, and 25% evolved non-222 fruiters with 75% ancestor. We also plated each culture on its own (evolved non-fruiter 223 alone, evolved fruiter alone, and ancestor alone), as a control to ensure that all the cells 224 grew up on plates successfully. We plated 2x10 5 cells on each plate in order to allow 225 thorough mixing of the different clones, and allowed 76-80 hours for the amoebas to 226 fruit, plus 7 days for the fruiting bodies to be more easily harvestable. The individual experiment is depicted diagrammatically in Figure 2 . 251
In the individual experiment we used the three lines that most clearly appeared to 252 have evolved resistance in the population experiment: 12, 16, and 21. We plated these 253 lines and the ancestor from the freezer at low density (50 spores on each of 5 plates for 254 the three lines). We allowed 76-80 hours for the amoebas to fruit, and then picked two 255 fruiter colonies and two non-fruiter colonies for each line. We cultured each clone 256 separately in HL5 + PSV as described previously (thus, four cultures for each line: non-257 fruiter 1, non-fruiter 2, fruiter 1, and fruiter 2). We cultured ancestors in the same fashion. 258
We cultured the clones for three days. On the second day of culture, we split the 259 10 mL of culture into two plates. Ancestor, and Evolved Non-Fruiter 2 + Ancestor. The mixtures were a 75:25 ratio, with 267 the non-fruiter always making up 75% of the mixture. We also plated each clone on its 268 own as a control to ensure that each clone was still healthy after being in liquid culture 269 (and that there was no fruiter/non-fruiter contamination). We allowed ten days for the 270 fruiting bodies to reach the stage of having harvestable sori. 271
13
We then harvested all of the fruiting bodies for each mixture using a loop. We 272 diluted the spores from each mixture to 1000 spores in 4 mL of K. pneumoniae in KK2 273 (OD600 1.5). For each mixture, we plated 200 µL of solution onto each of 20 plates, with 274 the aim of having roughly 50 spores per plate. We allowed three days for the spores to 275 hatch, develop, and reach the fruiting stages so we could score them as fruiters or 276 nonfruiters. 277 278 279
Statistical Analyses 280
We conducted all statistical analyses using R version 2.15.2 (released October 281 2012). We arcsine-square root transformed all proportion data (number of evolved non-282 fruiter spores out of total spores in the sorus) to compensate for skew created by the 0 and 283 1 boundaries of proportional data. We analysed the data from the population experiment 284 with a paired t-test (95% confidence level). We analysed results from the individual 285 experiment using a Welch two sample t-test for samples of unequal sizes (95% 286 confidence level), and multiple two-tailed binomial tests (95% confidence level). 287
For the figures, we plotted relative sporulation efficiency against mixture. 
Results
296
Population Experiment 297
The population experiment tested for resistance to cheating in non-cheaters from 298 experimentally evolved populations that contained cheaters. We did this by testing 299 whether the evolved fruiters did better than the ancestral fruiters against the evolved 300 cheating non-fruiters. F1  F2  F1  F2  A  A  F1  F2  F1  F2  A  A  F1  F2  F1  F2  A  A  NF1  NF2  NF1  NF2  NF1  NF2  NF1  NF2  NF1  NF2  NF1  NF2  NF1  NF2  NF1  NF2  NF1  NF2 Line 
